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Introduction: Riverine forests in the Himalaya represent a biodiverse, dynamic, and complex ecosystem that offers numerous ecosystem services to local and downstream communities and also contributes to the regional carbon cycle. However, these forests have not been assessed for their contribution to dry matter dynamics and carbon flux. We studied these parameters along three classes of riverine forests in eastern Uttarakhand, dominated by Macaranga, Alnus, and Quercus-Machilus forest.

Methods: Using volume equations, we assessed tree biomass, carbon storage, and sequestration in the study area.

Results: The total standing tree biomass in Macaranga, Alnus, and Quercus-Machilus forest ranged from 256.6 to 558.1  Mg  ha−1, 460.7 to 485.8 Mg ha−1, and 508.6 to 692.1 Mg ha−1, respectively. A total of 77.6–79.6% of vegetation biomass was stored in the aboveground biomass and 20.4–22.4% in belowground plant parts across the riverine forests. The carbon stock in Macaranga forest ranged from 115.5 to 251.1 Mg ha−1, in Alnus forest from 207.3 to 218.6 Mg ha−1, and in Quercus-Machilus forest from 228.9 to 311.4 Mg ha−1. The mean annual litterfall was accounted maximum for Quercus-Machilus forest (5.94  ±  0.54 Mg ha−1 yr.−1), followed by Alnus (5.57  ±  0.31 Mg ha−1 yr.−1) and Macaranga forest (4.67  ±  0.39 Mg ha−1 yr.−1). The highest value of litterfall was recorded during summer (3.40  ±  0.01 Mg ha−1 yr.−1) and the lowest in winter (0.74  ±  0.01 Mg ha−1 yr.−1). The mean value of net primary productivity and carbon sequestration was estimated to be highest in Quercus-Machilus forest (15.8  ±  0.9 Mg ha−1 yr.−1 and 7.1  ±  0.9 Mg C ha−1 yr.−1, respectively) and lowest in Alnus forest (13.9  ±  0.3 Mg ha−1 yr.−1 and 6.1  ±  0.3 Mg C ha−1 yr.−1, respectively).

Discussion: The results highlight that riverine forests play a critical role in providing a large sink for atmospheric CO2. To improve sustainable ecosystem services and climate change mitigation, riverine forests must be effectively managed and conserved in the region.
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1. Introduction

Riverine forests play a significant role in ecosystem processes, including energy flow and carbon dynamics (Allan et al., 2021). These forests are also known to serve as important bio-corridors for the movement of a variety of faunal groups during various seasons (Rawat, 2017). They are a productive ecosystem and are hotspots for epiphytic orchids and agricultural output (Marwah et al., 2021). Riverine forests hold discrete ecological traits because of their interaction with the aquatic ecosystem. Thus, their borders can be identified by variations in soil conditions, vegetation, and other elements that represent this aquatic–terrestrial interaction (Naiman et al., 2000). The riverine forests all over the Himalayan region are susceptible to natural (floods and landslides), anthropogenic, and climatic fluctuations (Bookhagen and Burbank, 2010). Despite the importance of these forests, overexploitation, unrestricted grazing, fuel wood collection, agricultural development, boundary disputes, developmental projects, and linear infrastructures pose a serious threat to these ecosystems (Merawi, 2016; Rajpara et al., 2022).

The riverine forests in the Himalayan region are represented by a number of early and mid-seral communities such as Acacia catechu–Dalbergia sissoo along foothills, Drypetes roxburghii–Toona ciliata, Duabanga grandiflora–Terminalia myriocarpa (eastern Himalaya), Macaranga pustulata, Alnus nepalensis, Debregeasia hypoleuca, Hippophae salicifolia, Salix species, and Populus ciliata, etc., at higher elevations (Champion and Seth, 1968; Rawat, 2017). Of these, most dominant forest formations, especially between 900 and 2,200 m above sea level, are formed by Macaranga pustulata and Alnus nepalensis. These species form early successional stages (Dhar et al., 1997), colonizing freshly eroded river banks and landslide areas. In Central and Eastern Himalaya, the following communities of riverine forests become more prevalent: Macaranga forests (below 1,000 m), Alnus forests between 1,000 and 2000 m, and Quercus-Machilus forests between 1,500 and 2,200 m asl. The alder forest frequently forms pure stands in landslide-prone areas, although it also occurs mixed with other late successional species in the Himalayan region (Joshi and Garkoti, 2021). It is primarily found close to moist habitats and can fix atmospheric nitrogen through symbiotic interaction with gram-positive Frankia, allowing it to survive exceptionally hard climatic conditions and hasten the natural succession (Crisafulli et al., 2015; Joshi and Garkoti, 2021). Due to their crucial role in socioeconomic advantages, ecological functioning, and soil conservation, the local communities depend on these forests for their sustenance needs (Bisht et al., 2022a).

The dry matter dynamics is a key indicator from the energy fixation and flux of biological materials point of view (Anderson, 1971). According to the Intergovernmental Panel on Climate Change, carbon stored in a forest ecosystem is divided into three main pools, i.e., biomass, litter, and soil. The carbon pools in a forest ecosystem are influenced by topography, forest structure, tree species composition, species diversity, age structure, edaphic conditions, and human-induced disturbances (Arasa-Gisbert et al., 2018; FSI, 2021). The current total carbon pool in the forested zone of the Indian Himalayan Region is about 103.9 Mg ha−1, of which 23% is in the sub-tropical forests (FSI, 2021). Among the edaphic factors, the nutrient content in the soil may affect parameters such as tree growth and basal area and thus consequently influence the structure of plant communities (Becknell and Powers, 2014) and carbon storage. To formulate viable strategies to increase the soil carbon, it is critical to include soil restoration, forest regeneration, and nutrient management (Sagar and Singh, 2005; Lal, 2015). The majority of organic matter elaborated by plants through photosynthesis is returned to the soil as litter. The litterfall results in seasonal or constant input of organic matter and nutrients to the forest floor and represents one of the most important pathways for the transfer of energy, affecting the growth and development of the vegetation and soil pool (Mfilinge et al., 2002).

There is a paucity of literature on the structure and functioning of these forests from the region. Therefore, the assessment of riverine forests, including their conservation status and potential for carbon flux, standing biomass, productivity, and carbon accumulation, is critical for long-term conservation planning and national accounting of the United Nations convention on climate change. Since forests sequester carbon from the atmosphere as part of the growth process, any increase in the biomass constitutes a sink that reduces the build-up of atmospheric carbon dioxide. This emphasizes the importance of forest ecosystems in the global carbon cycle and the necessity to accurately evaluate the amount of carbon stored in forest ecosystems (Pan et al., 2011). Interestingly, this is the first study on the dynamics of dry matter and carbon flux in riverine forests from the Gori valley, Western Himalaya. There is no prior literature on forest biomass and accumulation of carbon for this region. This stimulated the estimation of productivity and sequestration to understand the functioning of the riverine forest ecosystem. The information obtained from this study will significantly contribute to the dry matter dynamics and carbon cycle across the globe. Furthermore, it will benefit forest officials and ecologists for the conservation and restoration of riverine habitats. Thus, the present study was conducted to address the following questions: (1) How does the altitude affect phytosociological parameters in the region? (2) What is the pattern of biomass and net primary productivity in the riverine forests? (3) What is the magnitude of litterfall? (4) How do the carbon stock and sequestration potential vary in the riverine forests of Kumaun Himalaya, India?



2. Materials and methods


2.1. Study area

The study was carried out in the Gori watershed of the eastern Kumaun region, encompassing an area of 1920 km2 (Figure 1). Out of the 11 micro-watersheds, 6 (Dogrigad, Ghosigad, Painagad, Madkani river, Dhuratoli, and Patmoligad) were selected for the study after a reconnaissance survey. These study sites were located at 29°45′11.03 to 30°20′56.20 N and 80°22′49.90 to 80°11′41.34 E between 900 and 2,200 m asl in Pithoragarh district of Uttarakhand state. All the sampling was done within a 500 m distance of rivers and rivulets. The riverine forests in the study area are represented by two early seral communities (Macaranga and Alnus) and two more stable and climax communities (Toona-Engelhardia and Quercus-Machilus). Around 25.5% (489.2 km2) of the geographical study area consists of forest, with broadleaf deciduous forest (Macaranga, Alnus) and broadleaf evergreen forest (Quercus-Machilus) occupying a 25.1 and 36.3 km2 area, respectively. The area forms a transition zone between eastern (M. pustulata) and western (Pinus roxburghii and Q. semecarpifolia) Himalayan forests and comprises an exceptional diversity of orchid flora (Bisht and Adhikari, 2014). However, Toona-Engelhardia patches along the Gori river have disappeared from lower altitudes due to linear infrastructure and development projects.
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FIGURE 1
 Map of study area showing sampling points and micro-watersheds in Gori valley, Western Himalaya.




2.2. Climate

The annual climate of the area is monsoon type, which can be divided into three prominent seasons, i.e., winter (October to February), summer (March to mid-June), and rainy season (mid-June to September). The mean maximum monthly temperature ranges from 15.1°C (January) to 30.4°C (June), and the minimum temperature ranges from 2.6 (January) to 18.8 (July). The average annual precipitation is 793.6 mm, and the annual mean relative humidity is 51.2% (Figure 2).
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FIGURE 2
 Meteorological data of the study area from 1981 to 2019 (Source: https://power.larc.nasa.gov, accessed on 6 June 2022).




2.3. Geology

The dominant rock types include phyllites, schists, gneisses, siltstone, and basic intrusive rocks belonging to the Vaikrita Group, especially in the Gori valley (Dumka, 2011; Ali et al., 2013). Between Baram and Baikot, a steeply dipping NNWSSE (western syncline) trending fault coincides with the thrust, defining the base of the Chhiplakot Klippe. Significantly, a subvertical slab of coarse-grained, unmetamorphosed granite with accompanying quartz porphyry and felsite is emplaced along the fault zone, bringing about contact metamorphism in the Precambrian to Lower Paleozoic dolomite and carbonaceous slate of the Tejam zone. Its mylonitized and greatly shared border along the wide valley bears testimony to the post-emplacement movement along the fault. There is yet another similar granitic body right within the same sedimentary, between dolomites and carbonaceous slates, discernible in the tract further downstream in the valley between Toli and Chiphaltara (Valdiya, 1976).



2.4. Soil sampling


2.4.1. Data collection

The soil samples from each forest site were collected from three depths (0–10, 10–20, and 20–30 cm) in triplicate with the help of a soil corer of known volume. The collected soil samples were systematically mixed and packed separately in zip lock bags and instantly transferred to the laboratory. Manual removal of coarse items such as stones, roots, and litter were carried out. The soil balls were crushed to separate the soil particles, and then, field damp soil samples were sieved with a 2 mm mesh and air dried to test the soil physico-chemical characteristics. The soil moisture (Mo) was determined gravimetrically by drying the soil samples in an oven to constant weight. The weight of the fresh soil and the oven dry weight of the same soil sample was expressed as a percentage of the difference of the moisture content (Jackson, 1958). The water-holding capacity (WHC) of the soil samples was measured by using the formula following Piper (1950). The bulk density (BD) was estimated with the help of a special mental core cylinder of known volume.

The soil pH was measured using a digital soil pH meter (Systronic-μ pH system 361) with ±0.05 accuracy. The soil water suspension was conducted in the ratio of 1:2. The instrument was calibrated with a standard buffer solution of pH 4, 7, and 9.2 before measurement. The soil organic carbon (OC) was determined using the Walkley and Black (1934) titration method following Jackson (1958). Nitrogen (N) was estimated using Kjeltec-2300 following the micro-Kjeldahl application of Peach and Tracey (1956) and Misra (1968). Available phosphorus (P) was estimated following the Olsen et al. (1954) method and potassium (K) by Flame Photometer after proper digestion of the samples. The factor of 1.724 was used to convert the OC into soil organic matter (SOM; Jackson, 1958; Misra, 1968). The value of organic carbon and SOM were determined by multiplying the values of carbon (%) with factors of 1.3 and 1.724, respectively.




2.5. Growing stock and biomass estimation

Nine forest sites were assessed for biomass and carbon stock based on altitudinal gradient. Within each site, 10 quadrats of a 10×10 m size were laid randomly with a replicate of three. All individual trees were measured for circumference at breast height (cbh) at 1.37 m from the ground (Singh et al., 1997). Following Curtis and McIntosh (1950), Misra (1968), and Mueller-Dombois and Ellenberg (1974), the data were analyzed for density and the basal area of the tree species for distinct forest types. The species diversity index was computed using the Shannon–Weiner diversity Index (Shannon and Weaver, 1949), and richness was considered as the total number of species in the sampled site (Wani and Pant, 2023). The forest types were identified using TWINSPAN.

The growing stock volume (GSV) equations (FSI, 1996, Table 1) were used to estimate aboveground biomass (Sharma et al., 2010; Dimri et al., 2017; Bisht et al., 2023) since allometric equations were not available for each species. The estimated GSV (m3 ha−1) was multiplied by the appropriate biomass expansion factor (Brown et al., 1999) to convert into aboveground biomass (AGB), i.e., stems, branches, twigs, and leaves. In addition, the equation of Cairns et al. (1997) was used to estimate belowground biomass (BGB), which reflects the biomass of root components. The sum of AGB and BGB yielded the total biomass for trees (TB, Mg ha−1).



TABLE 1 List of volume equations used for different tree species in the study sites based on Forest Research Institute and Forest Survey of India.
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2.6. Estimation of litterfall and net primary productivity

The litterfall was estimated annually by placing five litter traps at different locations at each forest site. Each wooden trap was 0.5×0.5×0.15 m in size and fitted with a nylon net at the bottom. The litter from each trap was collected in a zip-lock bag season wise, i.e., winter (October to February), summer (March to May), and rainy season (June to September). The samples were then brought to the laboratory and oven-dried at 80°C. Half of the oven-dried weight of the collected litter from each site was considered its carbon content (Verma and Jain, 2017).

For the estimation of productivity in each forest, 1/4th of the trees were marked in the year 2017, and their cbh was remeasured in each sampling plot in the subsequent year, i.e., 2018. The net change in biomass (ΔB = B2-B1) yielded annual biomass accumulation. Annual litterfall was added to the aboveground biomass accumulation, and one-fifth of the leaf litter was added to the belowground biomass accumulation as mortality in fine roots (Orlov, 1968; Ogino, 1977). The latter value equaled net primary productivity. The biomass accumulation ratio (BAR), a measure of biomass to net primary productivity, was used to characterize the production condition in the forest communities (Whittaker, 1975).



2.7. Estimation of carbon stock and sequestration

For the total carbon stock (TC, Mg C ha−1), we multiplied TB with species-specific carbon factor, where the C factor of 46% was used for forest types in which all conifers collectively constituted more than half of the forest composition. The C was taken as 45% for forest types where conifers and broadleaf species coexisted or where broadleaf species constituted more than half of the total (Manhas et al., 2006). Net change in carbon stock (ΔC) was calculated by subtracting the carbon stock of two consecutive years. Annual accumulation of carbon in the litter was added to ΔC to obtain the carbon sequestration potential (CSP) at each site (Awasthi et al., 2022).




3. Results


3.1. Phytosociological attributes

All riverine forests occurred within a 15–50° slope along the river or stream. A total of 43 tree species belonging to 37 genera and 27 families were recorded along the altitudinal gradient. Among these, most were angiosperms (97.7%). The three forest types identified near the riverine habitat were Macaranga (890–1,500 m), Alnus (1355–1,645 m), and Quercus-Machilus (1865–2,195 m) forest. The tree density was at the maximum in Quercus-Machilus, ranging from 510 to 790 individuals ha−1, followed by Alnus (480,630 individuals ha−1) and Macaranga forest (470–640 individuals ha−1). The total basal area was highest in Quercus-Machilus forest, ranging from 31.4 to 51.4 m2 ha−1, followed by Alnus forest (26.8–39.5 m2 ha−1) and Macaranga forest (11.7–27.2 m2 ha−1). The tree diversity was highest in Macaranga forest site 2 (2.09), and it was lowest in Alnus forest site 1 (0.32). In terms of tree richness, Macaranga forest site 2 had the maximum (14 spp.) and Alnus forest site 1 and 3 (4 spp. each) had the minimum number of species (Table 2).



TABLE 2 Description and characteristics of riverine forest communities in the study area.
[image: Table2]



3.2. Soil properties

Across the sampled sites, soil was slightly acidic in nature, and pH varied between 5.3 ± 0.1 (Alnus site 3) and 6.4 ± 0.1 (Quercus-Machilus site 1). The soil moisture ranged from 17.7 ± 1.9% (Quercus-Machilus site 2) to 31.4 ± 1.1% (Macaranga site 2). The water-holding capacity varied between 28.3 ± 1.6% (Quercus-Machilus site 2) and 33.9 ± 1.5% (Macaranga site 2). The bulk density ranged from 0.39 ± 0.05 to 0.72 ± 0.04 g cm−3 at Macaranga site 3 and Quercus-Machilus site 1, respectively (Table 3).



TABLE 3 Soil physico-chemical properties in different riverine forests.
[image: Table3]

The organic carbon, total nitrogen, available phosphorus, and available potassium ranged from 1.98 ± 0.11% (Macaranga site 1) to 3.66 ± 0.17% (Quercus-Machilus site 2), 0.16 ± 0.02% (Macaranga site 1 and Quercus-Machilus site 1) to 0.24 ± 0.02% (Alnus site 3), 11.0 ± 1.5 Kg ha−1 (B1) to 22.6 ± 1.2 Kg ha−1 (Macaranga site 2), and 105.4 ± 5.0 Kg ha−1 (Macaranga site 1) to 176.4 ± 13.7 Kg ha−1 (Quercus-Machilus site 3), respectively (Table 3). The soil organic matter and soil carbon stock ranged from 3.4 ± 0.2% (Macaranga site 1) to 6.3 ± 0.3% (Quercus-Machilus site 2) and 8.7 ± 0.7 Mg C ha−1 (Macaranga site 3) to 22.9 ± Mg C ha−1 (Quercus-Machilus site 2), respectively.



3.3. Biomass, litterfall, and net primary productivity

The tree biomass ranged from 256.6–558.1 Mg ha−1 in Macaranga forest to 460.7–485.8 Mg ha−1 in Alnus forest and 508.6–692.1 Mg ha−1 in Quercus-Machilus forest (Table 4). Of the total biomass, the aboveground biomass (544.2 Mg ha−1) and belowground biomass (147.9 Mg ha−1) contributed the maximum in Quercus-Machilus forest site 1. However, aboveground biomass (198.1 Mg ha−1) and belowground biomass (58.6 Mg ha−1) recorded the minimum for Macaranga forest site 1. The dominant tree species in Alnus forest contributed 62–88% to total biomass. However, Macaranga and Quercus-Machilus forest contributed only 23–45% to total biomass. The total annual litterfall ranged from 4.01–5.35 Mg ha−1 yr.−1 in Macaranga forest to 4.99–6.07 Mg ha−1 yr.−1 in Alnus forest and 4.91–6.72 Mg ha−1 yr.−1 in Quercus-Machilus forest (Table 5). Mean litterfall was recorded highest in Quercus-Machilus forest (5.94 ± 0.54 Mg ha−1 yr.−1), followed by Alnus forest (5.57 ± 0.31 Mg ha−1 yr.−1) and Macaranga forest (4.67 ± 0.39 Mg ha−1 yr.−1). The maximum mean annual litterfall was accounted for the summer season (3.00 ± 0.25 Mg ha−1 yr.−1) in Quercus-Machilus forest. However, it was observed at minimum during the winter season (0.76 ± 0.05 Mg ha−1 yr.−1) for Macaranga forest. The net primary productivity ranged from 12.76–14.79 Mg ha−1 yr.−1 in Macaranga forest to 12.93–14.99 Mg ha−1 yr.−1 in Alnus forest and 11.98–18.78 Mg ha−1 yr.−1 in Quercus-Machilus forest. Moreover, the biomass accumulation ratio varied between 20.12 and 57.75 for riverine forests in the sampled sites.



TABLE 4 Aboveground biomass (AGB), belowground biomass (BGB), total biomass (TB), net primary productivity (NPP), biomass accumulation ratio (BAR), aboveground carbon stock (AGC), belowground carbon stock (BGC), total carbon stock (TC), and carbon sequestration potential (CSP) along the altitudinal gradient in riverine forests.
[image: Table4]



TABLE 5 Seasonal pattern of litterfall (Mg ha−1 yr.−1) in three distinct sites of different forests.
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3.4. Carbon stock and sequestration potential

The carbon stock ranged from 115.5–251.1 Mg C ha−1 in Macaranga forest to 207.3–218.6 Mg C ha−1 in Alnus forest and 228.9–311.4 Mg C ha−1 in Quercus-Machilus forest. Of the total carbon stock, the aboveground carbon was estimated to be highest in Quercus-Machilus forest site 1 (244.9 Mg C ha−1) and lowest in Macaranga forest site 1 (89.1 Mg C ha−1). In addition, belowground carbon was recorded at the maximum in Quercus-Machilus forest site 1 (66.6 Mg C ha−1) and the minimum in Macaranga forest site 1 (26.4 Mg C ha−1). The carbon sequestration potential ranged from 5.7–6.6 Mg C ha−1 yr.−1 (Macaranga forest) to 5.7–6.6 Mg C ha−1 yr.−1 (Alnus forest) and 5.4–8.4 Mg C ha−1 yr.−1 (Quercus-Machilus forest).




4. Discussion

The dry matter dynamics and the carbon flux of the forest are influenced by the structural and functional characteristics of the forest stand. The tree density (r = 0.73) and total basal area (r = 0.71) increased with increasing altitude in the riverine forests. In the present study, the density and total basal area in riverine forests were reported to be higher in contrast to previous studies (Rawal and Pangtey, 1994; Dhar et al., 1997). The richness and diversity across the sites were observed to be lesser than the values reported by Dhar et al. (1997) in Kumaun Himalaya. A higher tree density in Alnus forest was recorded, while slightly lesser tree diversity and richness were recorded when compared with the values recorded by Gairola et al. (2011) in Garhwal Himalaya. In addition, lower tree density, richness, and diversity in broadleaf forest were recorded compared to the values observed by Gairola et al. (2011).

The physico-chemical characteristics of soil vary within space and time due to variation in topography, climate, weathering processes, vegetation cover, microbiological activity, season, and other biotic and abiotic factors (Bargali et al., 2019; Manral et al., 2020). Therefore, soil characteristics vary over relatively small distances throughout the Himalayan region, and species composition plays an important role in the formation of soil organic matter and influences soil-forming processes (Bargali et al., 2018). All the forest communities showed distinct soil physico-chemical characteristics in the present study. It was observed that soil organic carbon was significantly correlated (r = 0.80, p < 0.05) with the total basal area of the forest. The higher concentration of soil nutrients in Alnus forest was due to its nitrogen-fixing ability and nutrient-rich litter, which enhances the physico-chemical and biological characteristics of the soil (Awasthi et al., 2022). Alder, once established in degraded land, improves the physicochemical properties of soil (Perakis and Pett-Ridge, 2019; Joshi and Garkoti, 2021). Moreover, alder develops clustered roots that release phosphorus and carboxylates and other important elements available in the soil (Lambers et al., 2019). However, the soil in broadleaf forests is often deep and fertile and has a thick layer of humus.

Litterfall serves as a conduit between the tree canopy and the soil below, contributing nutrients gathered from the biomass and affecting the productivity of the forest (Pitman, 2013). Seasonality plays a key role in the fluctuation of litterfall. Both anthropogenic and natural factors, including climate change, may have an impact on litterfall output and seasonal progression. In the present study, the lower values of litterfall were due to lower tree density (r = 0.69), lower total basal area (r = 0.72), and other site conditions (Table 6). The amount of litterfall in any ecosystem shows a linear relationship with the canopy cover, tree size, tree density, and basal area of the forest (Navarroa et al., 2013). With an increase in annual litterfall input, the soil organic carbon (r = 0.96) and soil carbon stock (r = 0.69) have significantly increased in the forest sites. The litter of Alnus is nitrogen rich, which promotes soil carbon (Bissonnette et al., 2014; Perakis and Pett-Ridge, 2019) and thus markedly benefits soil fertility. The annual litterfall in the present study was estimated to be higher than the values reported by Sharma and Ambasht (1987) in eastern Himalaya, due to higher values of tree density and total basal area. According to Chen et al. (2014), litterfall peaks in the monsoon and summer seasons for temperate broadleaf forests. The peak litterfall production during the summer season reported in this study is an indication of the tree’s physiological response to increased temperature.



TABLE 6 Pearson’s correlation matrix for different environmental variables in the study area.
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Forest structure and composition had a substantial effect on biomass, carbon stock, and soil organic carbon. The tree biomass of the forest depends upon vegetation structure, species composition, and stand age (Bisht et al., 2022b). In terms of forest communities, Quercus-Machilus forest had the highest aboveground biomass, indicating a greater number of individuals with higher girth class. Moreover, Macaranga forest, with lower density and total basal area, had the lower aboveground biomass in the forest sites. The total biomass in Alnus and Quercus-Machilus forest was recorded to be higher compared to the values recorded by Singh and Singh (1987), Rikhari et al. (1997), Gairola et al. (2011), and Joshi and Garkoti (2021) in Uttarakhand Himalaya, which might be due to variation in species composition and girth class size. The value of tree biomass falls within the range reported by Sharma et al. (1998) in Alnus forest. Moreover, the tree biomass in the present study was recorded to be higher than the riverine Shorea robusta and riverine A. catechu forest of Sharma et al. (2010) and Sajad et al. (2021). In the Himalayan region, very few studies have been conducted on dry matter dynamics of riverine forests.

The net primary productivity is the key indicator of concern from the forest management and sustainability point of view. The productivity of the forest ecosystem depends upon the population dynamics, forest structure, species composition, growth traits, and rate of increment in given environmental and site conditions. The NPP reported for Alnus forest falls within the range reported by Singh and Singh (1987) and Rikhari et al. (1997). Furthermore, a key indicator of the potential age of the dominating species and the harshness of the environment, which measures the accumulation of primary persistent material, is the biomass accumulation ratio (Whittaker, 1975). The BAR in Quercus-Machilus forest was recorded at 41.3 ± 8.4, which was higher than the value (28.3 ± 1.9) reported by Singh et al. (1994) in Kumaun Himalaya. For Alnus plantation, the value falls within the range reported by Sharma et al. (1998). As the altitude rises, the mean value of the BAR increased due to larger amount of biomass production in the riverine forests.

The process of absorbing and exporting carbon varies considerably in forest ecosystems, depending on forest density, soil, and carbon stock. The carbon flux varies with the size, age, and species composition of trees in the forest ecosystem (Covey et al., 2012). The total carbon stock of the Alnus and Quercus-Machilus forest was higher than the values observed previously (Rikhari et al., 1997; Gairola et al., 2011). The carbon stock in the present study was higher than that of the riverine S. robusta and A. catechu forest recorded by Sharma et al. (2010). The significant relation between total basal area and carbon stock (r = 0.85) indicates that an increase in the stand basal area led to an increase in the carbon stock of the forest ecosystem. Carbon sequestration potential showed strong correlation with the tree density of the forest sites (r = 0.81, p < 0.01). According to Gera (2012), the variations in the sequestration potential can be attributed to the mean annual increment, which varies with forest site, age, density, and plantation. The present study reveals that soil is the largest pool of forest carbon, contributing 48.2–50.6%, followed by aboveground carbon (38.7–39.5%) and belowground carbon (10.1–11.6%, Figure 3).

[image: Figure 3]

FIGURE 3
 Density of carbon in soil and tree biomass in riverine forests of different sites (M-Macaranga forest, A-Alnus forest, B-Quercus-Machilus forest, and numeric after alphabet denotes site 1, 2, and 3 in each forest type, SOM-soil organic matter, AGC-aboveground carbon, and BGC-belowground carbon; for details, see Table 4).




5. Conclusion

It was observed that as altitude increased, there was a significant increase in both tree density and total basal area within riverine forests. The highest values for these parameters were documented in the Quercus-Machilus forest, while the lowest values were observed in the Macaranga forest. Similarly, tree biomass and productivity exhibited their peak values in the Quercus-Machilus forest (692.1 Mg ha−1) and their lowest values in the Macaranga forest (66.91 Mg ha−1). The annual litterfall demonstrated a seasonal variation, with higher levels during the summer (3.40 ± 0.01 Mg ha−1) and lower levels in the winter (0.74 ± 0.01 Mg ha−1), ranging from 4.01 Mg ha−1 in the Macaranga forest to 6.72 Mg ha−1 in the Quercus-Machilus forest. This investigation unveiled that the Quercus-Machilus forest not only stores a substantial amount of carbon (280.7 ± 26.0 Mg ha−1 yr.−1) but also sequesters carbon effectively (7.1 ± 0.9 Mg C ha−1 yr.−1) compared to the Macaranga and Alnus forests. In conclusion, the research indicates that a greater litterfall and higher forest density in riverine habitats exert a more pronounced influence on soil organic carbon content. Additionally, it was observed that Alnus forests significantly enhanced the nitrogen content in the forest ecosystem, positively affecting soil fertility.

This study contributes to our comprehension of carbon storage and fluxes within riverine forests in the Western Himalaya. Carbon offset programs such as REDD+ offer abundant opportunities and resources for the conservation of these forests, allowing for the retention of carbon reserves while simultaneously delivering supplementary ecosystem services to local communities. Consequently, it is advisable to contemplate the utilization of riverine forests for the restoration of deteriorated sites in the Western Himalaya, and the implementation of alder-based restoration initiatives should be examined as a potential means to enhance carbon storage within ecosystems. This should be viewed as an integral element of climate change mitigation strategies and forest ecosystem management.
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